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Chapter 1 QED Dirac

I Introduction

Theory Landscape
SR.AM ID RAM D QI

based on Dire Egotion standard Modà

Is missing GR

Natural Unit
V v

f 1,055 10 S
h c A

C 2,9979 10 Mis

o it means
A Exit 1 E T
a Latte 1 L T

Fourier Transformation

d Space andTime are correlated

So 1m 5,0710 et

1s 1,5210 ey
1

Hc 197 MeV Fm

II Particle Decay and Cross Section

1 Decry Equation

NCH NCE o è
A deca constant
A Le d lifetime

The lifetime is DE Fron Heisenberg Principle DIE so i can associate anEne

DE Ie
ntraduce the transition Rate 1 so tell
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Description of decay states in AM

Consider a gm state produced at to with energy E and lifetime a

NCE NCE è
can E be a real quantity NE otherwise we would have theamplitude

that remain unchanged

INCHI IMI It's not a decay particle
Instead we write E E fa Eo if with

Eo energy of thepartite at the resonance

1 transition rate or Particle With

So Nel reca èitotett ad incatenare 14mi

The probability density is decreasing exponentially Les required

Sometimes we are interested in the Energy D MIEI FCE

Wewill have 1ILE IYI LE EAT if
Wehave for Fourier Proprierties INCH NCE n amplitude Al

INCEFIYLENIA X 134
CE Ed E

Breit Wigner Function

d
I flettenti e Ii
te

IIII
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Example process ATB Resonance D A B

Ttp D D 1232MN D P

The cross section of thisprocess is proportional to INTE f

TLE Tmax ftpfy
with Tab partial with Resonance Atb

1 Full with

3 Fermi Golden Rule

In non relativistic quantum mechanics tostate from an initial state li te
a Final state If ave expressed by

Ii at ITgiffleil Golden Rule

Ii Transaction Matrix

E Energy Density of states

Hamiltonian I Agree Interaction so Tgi is determined by tint

Tgi Il fine li Ie flttintljxjlttin.li Intenditismer
Ei E

A picture i i
i I

i 187 1 in 18 in 1
I

AM this is computable because we consider perturbative interactions
But it's not Relativistic Inviati

4 Relativistic Particle Decay

For relativistic particle the transition matrix Tgi is replaced by the matrix
element Mfi that is Lorentz invariant

For a general process a tbt It at

Mi MaYaN I tint ITALY 7 Tgi ZEZ ZEZ X ZE Zeb
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In general particle decay in move than I made

è ètàda BR 0.17
a più va
a da hadrons

The total transition rate is 1 total width

f È I N number of possible decay mode

BracingRatio
BR F

5 Interaction cross section

Interaction Rate fluxofincidentparte X number of target CrossSection
particle

Crosssection the dimension is an avez expressed in barn 1ham 100 fui 100 10155
11028ma

Example of calahan a b

TE PIM.it 8LEatEs EZEN8 ÉTÉ È È DÌXIII
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IlliracEquation
Schrodinger is an non relativistic goution

E GIN Operators È 5

È in

it tira Ifrit V4

Relativistic equation

E pe m'e solutions
Klein Gordon equation has

I a
4 mi 1 Klein Gordon Equation plane wave solutions

MIE Nel.PE
EG

Problems
yeon hae negative energy solution

Negative probability density f 4 4

Does not describe kinematics of electron

It's used to describe scalar particles

So people were looking for another equation D DiracEgelion
DIRAC EQUATION

He WANTED equation With It derivatives terms

E y II È pm o Dirac Equation

The solution of this equation must satisfy E Petric
this was you con derive solution for the parameters and ÈLecture 2 1 | 7Fabio Cufino



Dirac Algebra d'xedy L B I

ftp.aj o

MILA TAXI O y A

let's write an explicit form for the 2 andB parameter Represents

One conventional is Divac Pauli Dimension

daipare 444 complex equation
B f

o

o t 3 e

di

fri
o Tate tael io e Bef

ti 0

The consequence is that if 2 and B ove matix 4 is a Din Vertov

4 Ì Dire Spiner

Covariant Form of the Dirac Equation

ÈN LE È BM 4
i N l int AMY
i t fi afta E a f punta

Ne introduce Dirac Matricies as

s p 8hPa SEBA 8 paz
So multiplizia by 13 From Right and using 13 La
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ipff
fipaetminioozt.it

We introduce 8 ta ta ta ta A meta 4 veto

da Ge Definition ofcovariant 4deride

if da m o di me is covariant
i dm is covariant

Einstein convention

it 8 me M o Dirac Equation Covariant Form

Super Compact Form with Feynman Slash notation

A 8am hence il mld o

Middens Behind
a is a spinor

m is multiplied by Le
2mW

yty 4 L
11

sala 1 44 44 1 2 1

o 1 8 4 vector M 0,1143

We introduce Feretro yo
soi

IN scala

We introduce s i 8232
o In Padi Dirac

Representation
Ia 0
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Solutions

The solution indeed a natural description of spin half particle
The probability density are so p Ttl o

Some solutions have a negative energy Eco

Fayewann Stackelberg interpretation

if E O E I PARTICLE

if Eco e propagates backward in time IAntiparticle

Fagemenn Diagrams
e
Eso

e
E o

o c'e annihilation non E
a MB

e
ELO CÈ o

c'e scattering è

ii
Spinors for particle and anti particle For FREE spin half

2 Particle fi viè PI Et

SPIN UPFuit

Valpi Etr E

fin
spinosa
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b Antiparticle Mi q è LEI
Ed

e

Eiffel
sei or i

VacheetMTfiff
spin down to

Compact Form si

ARTICLE Il Mis Eti
zip g

È
spia_ d g

YEEAnti PARTO Et

È p

ith FP TI Pat T py T.PE
Completeness Relation

For particle È A PIÙ P MAI PIÙ P Mia fMT IP

MA
MICA MITO Et 05 OTEIM
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Hints For the calutation

F P P LETALE M

Fedi fa
Wefind

Mists Patate m

For antiparticle

Usi P m

5 2
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IU Interaction and Field
Introduction

Virtual Particle I virtual photon The mass of this virtual 8 is not o

Interaction between particle atb xd

a Classical view no Qft no Gr

a

y

a intents with the classical field of pat.de bE

potential VCR

described by AG equation

E Garcia
842 Ro tipica lenghtof the interaction

EM to distance intention IN 842 VCR a

Strong Interaction

VIRI affII Yukawa Potential

In Mass of thepatiala that is exchanged PIONS
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Interaction Between Particles

a Classical view

KG DEM potential

D
shoffence diff but introducing gg Veri ghè

FIR

gg coupling
constant of particlea with

Reminder scatter potential Veri

g
7 c fa coupling cont risate with par a

Scattering amplitude

M g può di
transferred momentum

The calculation gives Me gag
1gptma ma Massof the turnstevel patate

Problem o it Fails for relativistic pratiche
Too simplistic new of interactionsbetween pratiche

Moving to a more modern tool

b Interaction by particle exchange

X virtual particle that is excanged

g
701

i
We introduce q 4 momentum of the exchanged patate

9 Pa Pa Pa Pal
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g Ex È my Virtual Particle no Is not onshell

Suppose that X is spin o sala the matrix element of this process

My 928
ga ma

a Similarto Classicone but slightly different

Move generally the matrix element for a scala particle is composed of 3 terms

mettimi
3 QED examples of Feynman Rules

a electron scatter

je Fa

à
sa

d

FEELY
iano aconiesiacei

proff te
E Pe

E channel process
gg E pa 0

b s channel èè dint

i
mm I in

Eiffel
S channel process

9 E P 0
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4 Interaction straight

We saw Ma è

a MILE
Coupling costanti a

Gfa for lowenergy process da 1

2 STRONG PROCESS

1 K t P D 2 1385 A IT strong because it but we don'tknow

2 Http 2 1192 D 1 8 ELECTROMAGNETIC because of 8

1 STRONG E a 10

21EM process 227 10

We can calculate the ratio of the lifetime

È a If a MÈ with As strong coupling constant

FIT
bene If and falafel ad

So_ f a 100 a f asana
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3 WEAK INTERACTION

The mediator of weak interaction is the w boson
massive boson propagator

Let's consider a decry

E htt weakprocess da 10ms

E A 8 EM puo arto

Ratio of lifetimes Eterna Fini E
ad For low energyprocess g mi

Kitten
For High energy process g meta9 so Cheweakint is notthatweek

Ge Fg Ii 1.16155Gt

5 High order effects

Introduci

Il Lamb's shift Observation of unttownspecht line in the Midrogenetom

1 28,4 cm

5 inn

É i
I Magnetic Moment

I g In 5 with gigiranguetic retro

Should be 2 but ifyou consider higher effects 872Lecture 3 4 | 17Fabio Cufino



Renormalization

Y EÈ 3

Cross Section t so O

Problem

Solved by define the electro doge lo

Indeed was measured that e change depending on the 4

in
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Chapter II Introduction to Strong interaction

1 Quark Model

1 I Quarks and Colours

Milik
DELAYMATTER

agg 80Gd
Torquati is the only one dea 10090 E D Wb

Quarks glued togheter can produce Hadrons

HADRONS

Mesons 195,7 g te dbis Not E

Baryons Iggq geycidibis Not E
Antibergon 1975

Example
Neutron tuod
Proton Ludd

Whit the discover ofDtt 0 Ttip we know that A UTUTUT

Fermi Principle Not Allowed a 3 fermionswithsame
quantum numbers

Something missing so existence of COLOUR Att R G B

IB RG

1GB R

Going back to the mesons with this newcolour

Mason 19717 D Color Articolo state
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Followingtheway we write color we knowthat the color combination has to be Neutra
MESONS Color anticolor states

BANI States Ent have all RGB colors

So the True wave function is a combination of the color states

Mesons

É LIRE IGE TIBBY

Bayan IRGBS IGRBTTIGB.RS t
p
1 permutation means

FI IM

III Gauge boson mediators of strong interaction
Nassis 0
Avemade of a colors 9,3

IL FB
Double
Color

In quarkgluon interaction they change Che color of thepart
gluons 3colors X 3anticolors 1 colorless state 8

RETGETBB
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1 2 Symmetries in Quantum Mechanics

N D M UN
where U is a symmetry operation

This operation change the state but leave physical predictions unchanged

414 CH'IN LN UT IN 0 U'VII so Visunitzy
Let's consider an infinitesimal symmetry operation

L ti EG

infettito of transformation

Transformation

Parmetta

Requirement Uto I

È pemfien

Finite Transformation 9

Uniti Ittica explieg

Generalization to several parameters of the transformation È

VIE explicit
1.3 Isospin and SUCH

Proton and nation behave in a similar way for strong interaction

Proton and Neutron are almost the same

Isospin rents that symmetry 2 state that behave in the same way

2 STATE SIMMETRY
Lecture 4 3 | 21Fabio Cufino



laringee le f In

But proton and neutron are mole of o ad al quarks se we can propaghi

this to thegenti

10 I la 1

What is the underlying symmetry

Must satisfy Utile 1
CONSEQUENCE det U cit

Therefore the value of the determinant is Fixed

liftoff
Symmetry SUE

2 estate symuly

We show that

Uè età È of dimension 3

I IF thegenerator
1

i vector of Pali matrices t te trita
èllatetertatesta
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1.4 5013 group

Color Symmetry SU 3 e ad is unchanged in the permutation ofcolors
R G B

Exact symmetry Red is notmore Red then Blue

Flavor Symmetry 5013 yd s have mormalams

Broker Symmetry In realta ms ma ma

WHAT is U

Reguiremet UTU I

Ideale
è e

È
è vector of 8 parameterwe showed

I Generator vedo of CellMann
Efelidi Matrices

afi atti E

p
1 15 i

a e

e

wear ante
RG I
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Illustration

Represet this 3 states in the space of

Calotte hagen vele of R G B in respect 13 al 18 2nd
da heigenstte

A R
Gif B

II mt.int

TI L 111 ital ad IR G Isospin Ladder Operators

K I Attias

UE L LAG ti Aa
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1 5 506311

U mld a2Ma
d mld Mer Not an exact symmetry
S m s 100Nel

It'sused for classification of mesons and bayon Youcan predict pratiche Gaverise on
QUARKMODEL

Asle youcan predict themassof the hadron

Wecan build triplets a we did in the best symmetry

Hiperchage Y B S

Barion B 13gatto E antiquata ad Uid have Isospin
S No

Strange S 1 squat 2 5 grato

Visualization

DY SI213
dito I
112 112

s

il
213 e 113 è

symbol 3 Symbol 3

Building Mesons 1991

1
ce

cuidissed U

4 tutta 255 E
Tan Tai

a

s

3 5 8 tLecture 5 1 | 25Fabio Cufino



Building lightest Baryon

3 303 10 8 8 1

Thakethe Ren haast quark youcan build 501dg
good for classification butnotfor masses

We can at the5th and build Su5 But we cannot not suchbecame
the t is to heavyand weare notableto buildstable patides benehe decays frequently

2 Deep Inelastic Scattering
2.1 Probing the structure of the proton

è è

ga

Probe the proton et different energy
r I

if
a Resolution Wavelenght

It'snotnegative at relativistic9240 92 o
f as Rp Rutherford

F In Rr Sensitive to charge distribution in the proton

f 1KRp Sensitive to quattglions structure

2.2 Form Factor

When In Re you stat to see charge structure of the p

Forverylowenergy Rutherford non relativistici

Mott Crebbivistra

forheighenergy the differentialcross sation chargewith theangle

Il.tl È
For the photon

Rosenbluth fornita with 2 Factor chargemoneta magnetic momentum
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2 3 Inelastic Scattering I law à

è è

g page

Production of excited state an other particle theproton
at energy 100Mer 10GeV

Proton is net pint particle

We introduce the structure functions to describe inelastic scattering

2.8 Deep Inelastic softening Pabonmodel

At very high energies the proton is broken and thephoton interacts with its
constituents partono

E Pr almost free particles

È
gg

noThe interaction is so that youneed to consider the
momentum of each quark

28.2

For each got Flavour the probability
distribution of x hasbeen measured D PDF

D This picture is not totally TRUE

Quarks interacts witheach other by exuding gluons

gang e µ gg um

a
Yeinrutaaol.org o adsic sI a

Serauta
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2.5 Halvonic cross section factorization theorem

LHC pp collision

pp te

teppista I finificaidaiola EliseIndian
of

signora

ProcessQFT
monetaof

Experimentally

l
for this process 8 a if youhaveonlyelectron it's only

the Had Process term
re

e
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Chapter II Weak Interaction
1 Experimental evidence

Dtt Pitt a 153 ST

E 118 A 6.10 s EM

E LI
a 10 s WI Floor change

F più reo

n pe'è a 15mn

13 decry Radioactivity

Solar nuclear flavor

Early 30 Enrico Fermi developed a model for weakinteraction in analogy
with QED

h P

è

contact interaction

è

no Me GELATA Iefte with 1 somematrix describe the weak
process

1956 Weak interaction violates Panty D V A structure
A will be modified
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2 Parity

Spatial coordinate inversion I È in DM conbe associatedto Parity operatorÈ

NCR.tl PYLEA YERE

so PP 1

operator has Pet 1 eigenvalues

fa intention is invariant male p
then PP 1

Pt P Hermitian

Intrinsic Parity of Fermions

Divac Equation it'd MINCEt 0

Applying Parity Transformation gives

Ie can write J'Un 8 877

So
iside E5 micia o

We multiply left by 8 and use o with i e

fist titre mi cin o

Effetti m rate t o Dirceglia

so 804GtE NCAA Party is the same as multiply by 80

Panty of fermions

M Etty In Pa ETMf.p.im
Petipa Eth PEPE Etmi

it's Che seme moltiplying 8 Reminder 8 fa fLecture 6 2 | 30Fabio Cufino



I
80M D So intrinsic parity of fermion is 1

With seme result with 1

banty of antifermions

Pa Eth
0 Etmpatipalcemi 0 Po Etna I'IIII.mil Iris

D So intrinsic parity of
ANTIFERMION IS 1

Intrinsic Party of bosons

PG PCW PIZ 1

Property of parity

Party of a sistem of particles Product of intrinsic panties of partiles
times spatial wavefunction

Example Positronici età

Pietà Pce PCE 1 1
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3Charge Coniugation è

E reverse the spin of the change electric colour and Magnetic moment

CE I c IL eigenstates

o E will change a patate into an antipatiche 7 system of particAntin are eigenstates

EM is è invariant
D G 1

Remark Parity and charge are se to categorize meson J

4Time Reversal I

TYCRIH YLE A

F I T II eigenvalues

CPT theorem
All interactions described by a local Lorentz invariantgauge theory must be invariant
under the combination of PIF

ama i LE PT

5 Helicity

o

h_fit no for spin 112 5 It and he film

h II RIGHTHANDED

LEFT HANDED

IÈ 15
Rightname

the For particles with my
depends on the REFERENCE Frame

RIGHT HANDEDLecture 6 4 | 32Fabio Cufino



6 Weak Interaction and Party
6.1 Parity and EM and strong interaction

Experimental Fact Parity is conserved for EM and strong interaction

D Only panty conserved process is allowed

Parity of Pion

Tt_ LUI

PCI 411L 1 1 5 0 J O D LEO

E 1

Party of f

f tuo

PIGI FALSITA S 1,5 1 D Leo

1

EXEL

2 9 Tt I

SEI 0 5 0 D PIPI PLAPITIGLI

ICHI 1111 ok

bi 2 Ittita

è no è D PIU PCHTIPLHL.LI

2 Italia
io

Not observed
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G 2 The e a puzzle

Early 50 observation of 2 decays

d D Ttt IT Ht

Ht Io

a and O have the same mass same lifetime and same S o C o

Pca 1 C 1 1 1

Pce 1 1 1KITL

Z and G are the sane particle D

Ref Parity inversion properties of Physical Quantity

scalar unchanged under P
VECTORS EÀ Changesign E D È
Axial Vector Crossproduct of avectors B FixÀ

ÈXP I
PSEUDOScalars scalaproduct of a vector andaxialvector

ex helicity hippy ed changesign P
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C W experiment

co Ni è è

Magnetic

MomentA
Aligned in a strong magnetic Field B

Titi Ip
È

The experiment D azoto move emitted beetwool D Party Violate

Spin
solo É
Ni è

Età I è

Suppressed IIII aime

Conclusion Weak Interaction applies with LEFT HANDED ANTIPARTICLE

RIGHTHANDED Particle

7 V A statue of the week interaction

71 Bilinear covariant combination

Stature of QED 787
Generic interaction V14

Mati combining the 8 matrices
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In the 511 there are only 5 possible combination thosecombination we called bilinearcovert

Type Form components spin

SCALAR T I O

PSEUDOSCALAR V8 l 1 o

VECTORS 58 C 4 1

Axial vectors 78854 4 a

TENSORS 7188 8874 6 2

Definition CHIRALITY States

Is intrinsic property of Matter

2 States LH chirality

RH chirality

Introduced by 8 metro 8 o 1

Chirality states ove eigenvector of È
PadiDie

For mass less patate chirality helicity
For massive relativistic particle chirality a helicity
Fa Non Relativistic not so sure

Chirality projection operator Pa Pr

Pi III f Pr 1211 85

Es Ra Prel
PLPR PARL

OPEPa and Pr Pa

Chivel components of the spinor

4 PatPAN PRY PN Nath
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7.3 Chiral structure of weak interaction

First let's look of the chinastructure of QED

gg
a 587 PatPAN 8 Pate 4

INTERN TRYPRY

TEMPI TPERY
Reminder 8581 8

5

TRVPRY.TT
YYTPLYPrY

NTPeR8MY

E QED 587 TRY PAY TRYIN
since BY N Pr Ha

NTPC TR APR NI

Hace 787 KMH IVY Ne violation

QED intent both with 124,24

In Weak interaction Parity is violated D The chiral structure nei be different

By Pgi with bilinear covariant form we find that the week interaction has a

A structure has been proved experimentally

78 1 8 4 27874 25JPY
IE 127Pasian

127,28 I
my an chirony sorte con intent

V A Vectorminus AxialVector with WeakForce
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Rend
A statue also violate parity

Twist experimet 2001 2007 study decay to mons D proves that
Westintention
in VA

7 4 Return on Fermi Theory

n u P

g E

19341

Me GENTI Tetre

1957

1 8

1 12811 8 low energy week intention

194 mi

7 5 Wboson propagator

Werk interaction excange of W boson

Propagator

FILE
Matrix element for weak decry M étédu

ei
Matrix Element

TM
ft 811 stia III E tiene

A
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At limit 1944mL

M e g
Le

51811 854 5,871 852

GI GF III Fermi constat

GF con be measured

Indeed we have

an cnet.EE
IPuezcisemeasurements of an and ma gives

GF 1,16 15 Gert

and so Mw 80,385 I 0,015 Get

We can indeed messo the weak coupling constant dà ffoffell
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8 CKM MATRIX

GF a ga

Moon Decay

a in

w è

è
Similarity for la decry

GIGI Gia Leptonic University

Not true for weak interaction
involving gratis

Example B decay

Giu Experimentally Git is 6 lower
than Gli

inni WHY

An even move visible process is A

Kanin
f µ fa

decry for K is 2 times smaller than italica

There is something that change the power ofWeak interaction
when quarks are involved
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Nicola Cabibbo hypotesis 1363

There is a difference For weak interaction there is a distinction
between WEAK Eigenstates and Mass eigenstate

Idea Instead of having u d coupling we have u d where

d is the weak eigenstate

ds
9
I

I Cc cabibbo angle
I

plc
u d

no God g cosa

no Gus gesso

o si

s

Higgs

Mettemmo
la 130o n

ù
no This explain the suppressed foto difference between Kalpderge
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Similarly when we introduce the 4th pak Cds

si of
i c

o

dott 2 sing
Gas fasce

Move generally weak eigenstates d'and s we vetted to the mass
eigenstates d and s by a mate

like X TE
GIM Mechanism Glashow Kopelow Manami 1970

Before the o gurk discover

Tron decry Expected but experimentally not observed

HI anti

Indeed BRIK DATI

Iplainstion

a Tim è

un ad
Muad'cosa since

5 e mmm e at Tissot small
asino no that'swhy was expected

So why it does not appear a

Including the amara gara
I tini

5 II
ad

ammo at
g
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Writing down the matix element

Mah Isingense

The total amplitude of the decry

because you can not

TOTAL IM Mu Mail o distinguish the
states

But we observe smell of decry Beene we consider quark's mass egual
in reality it'snot tue

THEY PREDICTED THE PRESENCE OF CHARM QUARK

1974 discovered le state called JIM

The CKM Matrix

like
The week charged interaction involving grub is

giocare E.fi
he matrix is unitary Vh1
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CP notation

The week intention not only notte party but Also change conjugation

no CP violation

Ton System K À oscillation

The quantum state changes in time Wecould also have a antiche below
Se 9 possibilities in foto

Il and I are AD eigenstates We cannot differenciate because of his esaltati

There we a lotof stationary states of the Kk system

Still here we have 2 patiala states KI KE

They have an big difference in the deny time

Ellis E 0.9.10 and Elk 70.5 153

Theyre masses ave dose MLAs ama e 498MeV

Now E CP is conserved AD eigenstates Its and ke corresponds to the
CP heigenstates Ka and Ka

G eigenstates of the metal Irons are

KE ECATE KE LIKE
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With CP IN HAD and CP Ita E Ka

If CP is conserved we should have 1h2 la and Ill tks and
the only colonicdecay should be

Ks AT
KL D TTT

What could be tested to chek CP parity

We could look at the decays onlything that we can observe

We can differentiate Ks ad ke with the LIFETIME

By producing trans and let them esaltate If we look
distant enough we can differente D Only Il left at high distance

So we should have only 31T in the experiment D Not happened

CP notation in Edera
Neutron trans a produced with pp Katka ad Kitt easy separated

using B
At the time of the production Ik ted ko and then K will oscillate
in Hd Ieo

This system decry to Ks 0 TI
AL PITTI

È
assaie IIII D III

TI 240 obsened

ETCP is notated
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